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Introduction
Fungal endophytes are commonly associated with all species of plants in symptomless conditions and live within the plants (Petrini 1991) . Fungal symbiotic relationship with host confers protection from insects, pests, pathogens, resistance to environmental stress, promote host growth, productivity improvement, etc. (Carroll 1991 , Strobel et al. 2004 , Gond et al. 2010 , Singh et al. 2011 , Lahrmann et al. 2013 . Around the world, 1.5 million species of fungi are estimated to exist, of which 7 % are constituted by endophytic fungi (Chowdhary & Kaushik 2015) . The fungi represent a significant resource for the field of biotechnology and they have been recognized as a source of novel bioactive metabolites which possess great economic importance such as in pharmaceutical, agricultural and industrial usages (Bills & Polishook 1992 , Strobel & Daisy 2003 , Arnold et al. 2007 ). Characterization of fungal endophytes was essential for diversity and Current Research in Environmental & Applied Mycology (Journal of Fungal Biology) 9(1): 224-240 (2019) ISSN 2229-2225 www.creamjournal.org Article Doi 10.5943/cream/9/1/20 225 ecological analysis. Traditional methods like comparative morphological features were used for fungal taxonomy in early stages (Lodge et al. 1996 , Sette et al. 2006 , Crous et al. 2007 , Zhang et al. 2008 . However identification of closely related species, similar morphotypes and non-sporulating isolates was challenging, as media composition could change the morphological characteristic features (Hyde & Soytong 2007) . Nowadays molecular methods are habitually used for taxonomical classifications due to its sensitivity and specificity for identification of the organisms (Sette et al. 2006) . Several recent studies successfully identified fungi based on molecular markers like Internal Transcribed Spacers (ITS), Actin (ACT), Calmodulin (CAL), Glutamine synthetase (GS), Glyceraldehyde 3-phosphate dehydrogenase (GAPDH), β-tubulin (Tub2), RNA polymerase II second largest subunit (RPB2), cytochrome c oxidase subunit 1 (COX1) Translation Elongation Factor 1-alpha (TEF1), etc. (Wang et al. 2005 , Arnold & Lutzoni 2007 , Ligrone et al. 2007 , Silva et al. 2012 , Weir et al. 2012 ). Among them, ITS has been predominantly used as a molecular marker and has been recommended as the universal fungal barcode sequence (Schoch et al. 2012) . The ITS region is found between ribosomal large subunit (LSU) and small subunit (SSU) with three sub regions: ITS1, 5.8S and ITS2 (Fig. 1) . The complete length of this region contains ~ 0.45 Kb to 0.75 Kb. The universal primers ITS1 and ITS4 are widely used to amplify the ITS region using polymerase chain reaction (PCR). The primer will bind to the ribosomal small and large subunit regions and therefore will cover the complete length of the target region. The amplified ITS region is then sequenced and the similarity between the obtained sequences and those deposited in databases is often used for the identification of fungal species (Gardes & Bruns 1993 , White et al. 1990 ). Recently, ITS2 has been proposed as a valuable barcode for fungal species level classifications and it is a mini barcode, easily amplified and sequenced (Keller et al. 2010 , Yang et al. 2018 . The ITS2 sequence-secondary structure data can improve the phylogenetic resolutions in closely related species. A number of studies have proved the potential applications of ITS2 for taxonomic classification and phylogenetic rebuilding at both the genus and species levels for eukaryotes, including animals, plants and fungi (Yao et al. 2010 , Han et al. 2013 ). The sequencestructure based identification gives more information regarding variable characters i.e. Four helix structure, Helix III being longest compare to others, UGGU motif in 5' of the apex (deviations like UGGGU, UGG, or GGU have been described), as well as the U-U mismatch in the Helix II (Schultz & Wolf 2009 ). Compensatory base change (CBC) in the secondary structure is considered as a possible marker for delimitating species as well (Muller et al. 2007) . The goal of this study is to explore the fungal endophytes in the leaves of Ficus racemosa from Azhagar hills, Madurai. The Ficus racemosa is a popular medicinal plant in India belonging to family Moracea and all parts of this plant are used to cure various ailments such as liver disorders, diarrhea, diabetes, hemorrhoids, respiratory and urinary diseases (Faiyaz & Asna 2010) .
Materials & Methods

Sampling
Healthy leaves of Ficus racemosa were collected from Azhagar Hills, Madurai, Tamil Nadu, and India. Collected samples were sealed and transported to the laboratory using a sterile polythene bag and leaves were separately processed within 24 hrs of sample collection for fungal endophyte isolation.
Isolation of fungal endophytes
The disinfection of the healthy leaves was achieved by washing in running tap water to remove dust and external debris, then again thoroughly washed with sterile distilled water. Washed leaves were cut into small pieces ~1 cm in size using a sterile surgical blade. The segments were then treated with 70% ethanol for five seconds, immersed in 4% Sodium hypochlorite for ninety seconds, rinsed in autoclaved water for ten seconds and allowed to air dry for removing excess moisture present with the use of sterile tissue papers (Dobranic et al. 1995) . Afterward, the sterile leaf sections were placed on Potato Dextrose Agar (PDA) plate with Streptomycin (200μg /ml) and the inoculated plates were allowed to incubate at 24 ± 2°C, 12 hrs. light: 12 hrs. dark cycles. Leaf imprinted control plates were also maintained to check the efficacy of surface sterilization. The petri dishes were checked for growth of endophytic fungi from the leaf segments. The hyphal tips emerging from the inoculated leaf segments were immediately sub-cultured on fresh PDA plates to obtain a single isolate. Further, the pure isolates were preserved in PDA slants at 4°C for further studies.
Morphology identification of fungi
The isolated endophytic fungi were grown on PDA plates at 24 ± 2°C for morphological study. The different morphological characters examined during the present study include: appearance of the colony color, growth, surface texture, margin and elevation. The conidial characteristics such as shape and size were observed in a light microscope (Olympus).
DNA Extraction
Genomic DNA was isolated from the seven day old pure fungal culture. One gram of fungal mycelia was scraped off and ground by mortar and pestle using 4ml of extraction buffer (200 mM Tris HCl, 250 mM NaCl, 25 mM EDTA, 0.5% SDS) at pH 8.5. After that, 300µl of 3M Sodium acetate (pH 5.2) was added to 600 µl of the crushed sample, and tubes were placed at -20°C for 10 minutes. Then the tubes were spun at 12,000 rpm for 5 min and the supernatant was transferred to new sterile eppendorf tubes without disturbing the pellet. Then an equal volume of isopropanol was added to the supernatant and kept for 5 min at room temperature for precipitating the DNA. After incubation, the tube was centrifuged for 2 min at 12,000 rpm. Finally the pellet was collected and washed with 70% ethanol, air dried and suspended in 50 μl of sterile MilliQ water. The isolated fungal genomic DNA was confirmed by 0.7% of agarose gel electrophoresis (Cenis 1992) .
Amplification of ITS region
The fungal ITS regions were amplified through Polymerase chain reaction (PCR) using the ITS1 and ITS4 universal primers. Bio-RAD instrument was used to perform PCR amplification with a total 25 μl reaction volume that included of 20 ng of genomic DNA, 10X PCR buffer with 25mM MgCl2, 10mM dNTP's, 2U of Taq DNA polymerase and 10 pmol of ITS1 forward and ITS4 reverse primer. The following thermocycling parameters were used: Initial denaturation at 94°C for 4 min, followed by 30 cycles, each of 30 seconds at 94°C for denaturation, 1 min at 58.2°C for annealing, 2 mins at 72°C for extension with a final extension step at 72°C for 7 min (Sim et al. 2010) . The amplified DNA fragments were analyzed by 1% agarose gel electrophoresis with a 100bp DNA ladder and the amplicons were visualized using a gel documentation system (Uvitech). A control (without DNA) was included in each run. Further, the amplified products were purified 227 (Gel Extraction Kit, Sigma) and sequenced by Eurofins Private Limited, Bangalore, Karnataka, India.
Phylogenetic analysis
The sequenced fungal ITS sequences were merged (both forward and reverse complemented sequences) by EMBOSS merger tool (http://www.bioinformatics.nl/cgi-bin/emboss/merger) to obtain the full length of the ITS sequence. Thereafter, the sequences were compared with National Center for Biotechnology Information (NCBI) database using Basic Local Alignment Search Tool (BLAST). The high similarity sequences were downloaded to analyze phylogenetic relationships. The downloaded sequences along with our query ITS sequences were subjected to alignment using CLUSTAL-W program implemented in MEGA 6. Phylogenetic analysis was carried out by the neighbor joining method using MEGA software version 6 with a bootstrap consensus of 1000 replicates to assess the reliable level of the nodes of the tree (Larkin et al. 2007 , Tamura et al. 2011 .
ITS2 RNA secondary structure analysis
The fungal ITS extractor (http://www.emerencia.org/FungalITSextractor.html) was used to extract the ITS2 region from the full length of ITS sequences (Nilsson et al. 2010) . ITS2 RNA secondary structure of the query sequence and its closest matches in the ITS phylogenetic tree were predicted using Mfold server with a preset temperature of 37°C and following conditions: 1M NaCl (no divalent ions) ionic conditions, percentage sub-optimality number 5, upper bound number of the folding: 50, maximum asymmetry of an interior/bulge loop: 30, maximum interior/bulge loop size: 30, maximum distance between paired bases: no limit. The minimum free energy (MFE) methods followed to model the secondary structure and following the parameters, structural energy, length, base composition, GC content and common core based structure were selected. The structural data were downloaded in Vienna format from Mfold server (Zuker 2003 , Rao & Satish 2016 . 4SALE V 1.7 software used to align the ITS2 sequence-secondary structures and also generate the consensus structure. The resultant alignment was exported to ProfDistS 0.9.9 for phylogenetic analysis (Friedrich et al. 2005) .
Results
Isolation and Identification of fungi
A total of 88 fungal endophytes were isolated from leaves of Ficus racemosa and were grouped into 30 morphotypes based on phenotypic characteristics such as colony growth, surface texture, colour, margin (Fig. 2) , and conidial characteristics were observed using light microscope (Fig. 3) . The characteristic features of the fungi were recorded and listed in (Table 1) . Further, they were characterized at molecular level using ITS sequences. All the investigated isolates clearly separated into 7 clades belonging to the two classes Sordariomycetes and Dothideomycetes in seven orders (Botryosphaeriales, Capnodiales, Diaporthales, Glomerellales, Hypocreales, Pleosphorales and Xylariales,) of Ascomycota. All our isolates were denoted with strain number ranging FRAH01 -FRAH30. Sordariomycetes mainly included species in Colletotrichum (Clade I), Fusarium (Clade II), Pestalotiopsis and Xylaria (Clade III) and Diaporthe/Phomopsis (Clade IV). Dothideomycetes mainly includes Cladosporium (Clade V), Guignardia/Phyllosticta and Lasiodiplodia (Clade VI) and Alternaria and Stagonoporopsis (Clade VII) ( Fig. 4) . Further, the sequences were subjected to ITS2 secondary structure prediction to support the phylogenetic robustness of this study. The structure based analysis was more informative compared to sequence based analysis. 1, 2, 4, 9, 12, 13, 16, 22, 28 1, 2, 4, 9, 12, 13, 16, 22, 28 Nucleotide information and ITS2 RNA secondary structure analysis ITS2 secondary structures were predicted using Mfold program for our dataset, which included 30 query and 22 reference sequences. The length of ITS2 sequences ranged from 150 to 165 nucleotide bases and the percentage of GC content were about 46.66-60.60 (Table 3) . Further, a genus-wise consensus secondary structure was modeled. For Colletotrichum/Glomerella secondary structures were modeled for 17 sequences whose minimum free energy (MFE) was -73.32 kcal/mol (mean value). Similarly, the secondary structure predicted for 7 sequences of Diaporthe/Phomopsis had -77.06 MFE, 5 sequences of Cladosporium and Phyllosticta/Guignardia had -72.93 and 82.50 MFE, 4 sequences of Lasiodiplodia, Alternaria and Xylaria each possessed -70.82, -65.25 and -66.72 MFE respectively, 3 sequences in Fusarium had -83.35 MFE and 2 sequences of Pestalotiopsis and Stagonoporopsis possessed -66.69 and -60.55 MFE respectively. Generally, the secondary structure of ITS2 contains two forms: (i) 4-helix domain (ii) 3-helix domains model with longest third helix and fourth helix not always present. In the observed study Guignardia sp./Phyllosticta sp., Lasiodiplodia sp. and Xylaria sp. shared four helixes with a longer third helix. While Alternaria sp., Colletotrichum sp., Cladosporium sp., Diaporthe/Phomopsis sp., Fusarium sp., and Stagonoporopsis sp. contained three helixes with the third helix being longest in all genera except for Pestalotiopsis sp. In Pestalotiopsis sp. only two helixes were found, the first helix not recognizable but second and third helixes were recognized (Fig. 5) . 
CBC analysis
The compensatory base change (CBC) observed in a pair of structures were documented and analyzed using 4SALE software. Observance of one or more CBCs between a pair of secondary structures renders the two structures under comparison to be distinct and belong to different species. Colored regions indicate lack of CBC between the pair of sequences; which may belong to same species or different species. In the study, Colletotrichum gloeosporioides and Colletotrichum kahawae differentiated from Colletotrichum karstii, Colletotrichum truncatum and Colletotrichum taiwanense. Similarly Xylaria feejeensis differentiated from Xylaria berteri by presence of CBC (Fig. 6) . Despite Alternaria arborescens and Alternaria alternate, Cladosporium tenuissimum and Cladosporium perangustum showed no CBC but the nucleotide variations occured between their sequences (Table 3) .
Phylogenetic analysis
Sequence-structure based alignment performed in 4SALE was subsequently exported to ProfDistS for phylogenetic analysis. The phylogenetic clade formation was clearly separated. Based on the analysis, 18 different species were observed, which included A. alternata, A. arborescens, C. truncatum, C. gloeosporioides, C. karstii, C. kahawae. C. taiwanense, C. tenuissimum C. perangustum, D. arengae, F. proliferatum, L. theobromae, L. pseudotheobromae, P. capitalensis, P. vismiae, S. cucurbitacearum, X. feejeensis and X. berteri. They belong to 10 genera in seven orders of Ascomycota. Three isolates were classified belonging to the genus Phomopsis/Diaporthe (Fig. 7) . Among the 30 morphotypes Colletotrichum was the dominant group with isolates belonging to five different species, namely C. gloeosporioides (5), C. karstii (2), C. kahawae (1), C. truncatum (1), C. taiwanense (1). P. vismiae and S. cucurbitacearum were least frequent, having one isolates each (Table 2 ). Finally all the identified fungal rDNA-ITS sequences were submitted in GenBank (www.ncbi.nlm.nih.gov) and their accession numbers are listed in (Table 3) . Colletotrichum karstii 2 5
Cladosporium tenuissimum 2 6
Fusarium proliferatum 2 7
Alternaria alternata 1 8
Alternaria arborescens 1 9
Colletotrichum truncatum 1 10
Colletotrichum kahawae 1 11
Colletotrichum taiwanense 1 12
Cladosporium perangustum 1 13
Diaporthe arengae 1 14
Lasiodiplodia theobromae 1 15
Lasiodiplodia pseudotheobromae 1 16
Pestalotiopsis vismiae 1 17
Stagonosporopsis cucurbitacearum 1 18
Xylaria feejeensis 1 19
Xylaria berteri 1 233 Fig. 6 -Compensatory base change (CBC) analyses of our isolated fungi and reference sequences. Block colored region indicate lack of CBC and remains are presence of CBC.
234 Fig. 7 -ITS2 secondary structure based phylogenetic analysis of query (organism name with FRAH01 -FRAH30) and Reference ITS2 sequence (organism indicated by dark lines) by neighbor joining method. Phylogenetic tree construct with ProfDistS software. 
Discussion
Fungi are ubiquitous organisms that are able to grow rapidly depending on favorable conditions like moisture and temperature (Abdin et al. 2010) . Worldwide, more than one million species of fungal endophytes were identified and they could produce several bioactive secondary metabolites, especially those isolated from medicinal plants. The colonization of fungal endophytes may provide advantages to their host plants by producing a plethora of substances that offer protection or increase the fitness of the hosts (Redman et al. 2002 , Arnold et al. 2003 , Tejesvi et al. 2007 ). The healthy plant part is the most important step in the isolation process and also in eliminating the epiphytes. The ecological and biomedical importance of the fungal endophytes remains not characterized (Sette et al. 2006 , Tao et al. 2008 . Molecular investigation could help to identify the fungal endophytes from host plants and in examining their phylogenetic relationships. The ITS region has been commonly used as a phylogenetic marker for identifying the fungi (Schoch et al. 2012 , Sun & Guo 2012 . During 2010-2016 molecular based identification has increased especially by using ITS data, compared to other methods (Raja et al 2017) . Several studies have been done based on molecular basis to identify the fungal endophytes from various medicinal plant species (Chen et al. 2011 , Yoo & Eom 2012 , Bhagat et al. 2012 , González-Teuber et al. 2017 . Alternaria, Colletotrichum, Phomopsis, and Xylaria species were reported as dominant fungal endophytes from Artemisia based on morphological and molecular methods (Huang et al. 2009 ). Nowadays ITS2 sequence-secondary structure based analysis is used for species level delimitation among closely related organisms and it is a third dimensional approach to characterize the fungi as well as other eukaryotic organisms including animals, plants, insects etc., (Yao et al. 2010 , Han et al. 2013 , Zhang et al. 2015 .
ITS2 sequence-secondary structure based analysis is more informative than sequence data. Structural information can produce additional data for species level characterization, as RNA secondary structures improve the accuracy and robustness in phylogenetic reconstruction (Coleman 2003 (Coleman , 2009 ). This has been proved during recent studies for identifying fungi (GokulRaj et al. 2014 , Sundaresan et al. 2019 . Compensatory base change (CBC) is additional supporting data for analyzing the variations between structural pair in the sequences.
The presence of CBC between the pair of structures denotes that the two are different species and that their probability was ~93%. If there is no CBC between the pairs of structures, it denotes that they may belong to the same or different species with a probability ~76% (Muller et al. 2007 , Wolf et al. 2013 ). The ITS2 sequence-secondary structure is a most suitable marker for fungal species level classification because of its very shorter length with lower GC variation and the structural characters render greater phylogenetic utility. In our analysis of ITS2 sequences, structural data differed from other methods and the neighbour joining analysis based on our sequence -structure based alignment resulted in more accurately separated clades. All the investigated isolates belonged to seven orders and ten genera of Ascomycota.
Conclusion
This study reports 30 fungal morphotypes isolated from Ficus racemosa, identified by morphology and molecular data. They belong to the ten genera Alternaria sp., Colletotrichum sp., Cladosporium sp., Diaporthe/Phomopsis sp., Fusarium sp., Guignardia/Phyllosticta sp., Lasiodiplodia sp., Pestalotiopsis sp., Stagonoporopsis sp. and Xylaria sp. of in the orders Botryosphaeriales, Capnodiales, Diaporthales, Glomerellales, Hypocreales, Pleosphorales and Xylariales. Among the 30 morphotypes 27 were identified up to species level. In that the remaining three isolates were identified up to the genus level. Colletotrichum sp. were the most dominant among our isolates. ITS2 sequence-secondary structure based characterization could be a valuable tool for distinguishing closely related species. The next step in our research program is to extract and purify the bioactive compounds from those promising fungal endophytes to evaluate their antimicrobial and anticancer potentials.
